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SUMMARY 

Up t o  27% benzene, to luene  and xylenes  and 24% e t h y l e n e  were obta ined  by 
cracking  a h ighly  hydrogenated c o a l  e x t r a c t ,  compared t o  l e s s  than  4% of  each 
from unhydrogenated c o a l ,  coa l  e x t r a c t  and anthracene o i l .  The importance of 
naphthenes as BTX and e thylene  p r e c u r s o r s  was confirmed. 

I N T R O D U C T I O N  

Many of t h e  feeds tocks  f o r  t h e  chemical  i n d u s t r y ,  e s p e c i a l l y  aromatic  
hydrocarbons,  were o r i g i n a l l y  obta ined  as byproducts  from t h e  carbonisa t ion  of  
c o a l  (1.2). However, nowadays most of t h e s e  chemical feeds tocks  a r e  der ived  
from petroleum. Never the less ,  it is probable  t h a t ,  w i t h i n  t h e  next  few decades,  
t h e  shor tage  of  world r e s e r v e s  of petroleum w i l l  mean t h a t  BTX w i l l  once aga in  
have t o  be produced from coal, as w i l l  e thy lene .  , I t  i s ,  t h e r e f o r e ,  a p p r o p r i a t e  
t o  examine ways i n  which t h e s e  m a t e r i a l s  can be produced from c o a l ;  t h e  p r e s e n t  
i n v e s t i g a t i o n  w a s  designed t o  s tudy  t h e  formation of  BTX and e thylene  by t h e  
thermal  cracking o f  coal-der ived m a t e r i a l s  from t h e  NCB c o a l  l i q u e f a c t i o n /  
hydrogenat ion processes  ( 3 ) .  

EXPERIMENTAL 

Feedstocks 

The vapours from t h e  c a r b o n i s a t i o n  of a bi tuminous,  low-rank c o a l ,  an 
anthracene o i l  and a c o a l  e x t r a c t  i n  an thracene  o i l  were d i l u t e d  with n i t r o g e n  
and cracked;  t h e i r  product  y i e l d s  were compared with those  from t h e  c racking  o f  
a p a r t i a l l y  hydrogenated an thracene  o i l  and coa l  e x t r a c t s  hydrogenated t o  varioils 
e x t e n t s .  The coa l  w a s  Linby (Nat iona l  Coal Board, Coal Rank Code 802) and t h e  
e x t r a c t  was prepared by d i g e s t i o n  a t  673 K and 8 b a r  i n  anthracene o i l ,  
f i l t r a t i o n  t o  remove mineral  matter and d isso lved  c o a l ,  followed by d i s t i l l a t i o n  
under reduced p r e s s u r e  u n t i l  t h e  e x t r a c t  contained about  70% c o a l .  The two c o a l  
e x t r a c t  hydrogenates were prepared by c a t a l y t i c a l l y  reducing  a d i l u t e  e x t r a c t  
from Annesley ( N C B ,  CRC 702) c o a l  i n  a t r i c k l e  bed r e a c t o r  and f r a c t i o n a t i n g  t h e  
product .  
two h ighly  hydrogenated l i q u i d s .  

The f r a c t i o n s  were f u r t h e r  reduced i n  a vapour phase r e a c t o r  t o  g i v e  

Four model compounds, n-undecane, t e t r a l i n ,  c i s / t r a n s  d e c a l i n  and 
mes i ty lene ,  and a n a t u r a l  gas  condensate  from t h e  North Sea were a l s o  cracked.  
Analyses and t h e  re ference  code key of t h e  coal-based feeds tocks  and t h e  gas  
condensate  a r e  given i n  Table 1. P a r a f f i n ,  naphthene and aromatic  type  ana lyses  
were c a l c u l a t e d  from g a s  chromatographic ana lyses  of t h e  p a r t i a l l y  hydrogenated 
an thracene  o i l  and gas  condensate ,  whereas mass spec t romet r ic  analysis-was 
performed on t h e  two c o a l  e x t r a c t  hydrogenates  and t h e i r  f u r t h e r  hydrogenated 
products .  

Apparatus and Procedure 

The experiments with t h e  s o l i d  feeds tocks  and t h e  i n i t i a l  experiments  on 
l i q u i d  samples were c a r r i e d  o u t  i n  t h e  appara tus  shown i n  Figure la .  The vapours 
from a s t a i n l e s s  s t e e l ,  s t i r x d - b e d  c a r b o n i s e r / v a p o r i s e r  a t  873 K were cracked 
a t  z tnospher ic  pressure  in a tu3e  r e a c t o r  heated i n  a platinum-wound f w n a c e .  
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The reac tor  was 30 mm I D  and had a 100 mm long h o t  zone w i t h i n  20 K of t h e  
m a x i m u m  r e a c t o r  temperature .  
from a v ibra tory  t a b l e  through a water-cooled p o r t .  
t h e  Same poin t  from a mechanical ly  dr iven  syr inge  a t  0 .1  t o  0 .8  m l  min-l. 
amount fed  was determined by weighing t h e  feeders .  

Liquid products  were c o l l e c t e d  i n  two g l a s s  t r a p s  a t  258 K and i n  a g l a s s  
The gas  w a s  measured i n  a dry  g a s  meter and sampled over  mercury 

S o l i d  feeds tocks  were in t roduced  a t  about 1 g min-’ 
Liquids  were i n j e c t e d  a t  

The 

wool f i l t e r .  
i n t o  g l a s s  b o t t l e s .  The r e a c t o r  and c o l l e c t i o n  t r a i n  were weighed and t h e  
l i q u i d s  removed with a known amount of chloroform. The e f f e c t s  of vapour 
res idence  time and cracking  temperature  on t h e  product  y i e l d s  from each feedstock 
were i n v e s t i g a t e d .  The e f f e c t s  of v a r i a b l e s  such as r e a c t o r  s u r f a c e ,  type and 
a r e a ,  feedstock vapour concent ra t ion  and t h e  a d d i t i o n  of  steam w a s  a l s o  t e s t e d  
over  a l imi ted  range of c o n d i t i o n s  with a hydrogenated c o a l  e x t r a c t .  
and l i q u i d  products  were analysed by chromatography. 

Gaseous 

Later  experiments with t h e  hydrogenated feeds tocks ,  which were completely 
vapor i sab le ,  were performed by i n j e c t i n g  t h e  l i q u i d s  i n t o  t h e  top  of the  smal le r  
r e a c t o r  ( 9  mm I D )  shown i n  F igure  l b :  t h e  l i q u i d  feed  r a t e  w a s  only a t e n t h  of 
t h a t  required f o r  t h e  l a r g e r  appara tus ;  t h e  furnace  and c o l l e c t i o n  systems were 
similar. Comparative t e s t s  with cis/trans d e c a l i n  and hydrogenated anthracene 
o i l  showed t h a t  t h e  smal le r  r e a c t o r  gave marginal ly  h igher  BTX and e thylene  
y i e l d s  than  the  l a r g e r  r e a c t o r .  

RESULTS 

The Effec t  of Sur face ,  Reactant  Concentrat ion and Di luent  

Resul t s  from t h e  c racking  of a hydrogenated c o a l  e x t r a c t  similar t o  (D) i n  
t h e  l a r g e r  r e a c t o r  with and wi thout  copper o r  s t a i n l e s s  s t e e l  packing,  which 
increased the  s u r f a c e  a r e a  about  t h r e e f o l d  w h i l s t  decreas ing  t h e  r e a c t o r  volume 
by only lo%, showed t h a t  n e i t h e r  copper nor  s t a i n l e s s  s t e e l  s i g n i f i c a n t l y  
a f f e c t e d  t h e  y i e l d s  of  BTX and e thylene .  
concent ra t ion  of t h e  feeds tock  vapour ( a t  c o n s t a n t  vapour res idence  t ime)  a l s o  
had no s i g n i f i c a n t  e f f e c t .  
g i v e  a 70% steam + 30% n i t r o g e n  mixture  had a n e g l i g i b l e  e f f e c t  on t h e  y i e l d s  
of BTX and e thylene  al though xylenes  were favoured a t  t h e  expense of benzene. 

Unhydrogenated Coal-derived Mater ia l s  

An e i g h t f o l d  reduct ion  i n  t h e  

Replacement o f  p a r t  o f  t h e  d i l u e n t  n i t rogen  t o  

Prel iminary experiments  on c racking  t h e  vapour from coal  e x t r a c t  ( B )  a t  
1133 K f o r  0 .7  t o  8 s showed t h a t  t h e  BTX y i e l d  peaked a t  2 s whereas e thylene  
w a s  favoured by s h o r t e r  res idence  t imes.  F igure  2 shows t h e  e f f e c t  of  c racking  
temperature  a t  2 s vapour r e s i d e n c e  time on t h e  y i e l d s  of BTX,  benzene and 
e thylene  from Linby c o a l  ( A ) ,  c o a l  e x t r a c t  ( B )  and an thracene  o i l  ( C ) .  Yields  
of BTX and benzene peaked a t  about  1273 K whereas t h e  maximum e thylene  y i e l d s  
were obtained a t  about 1100 K .  The mass ba lances  and y i e l d s  of  t h e  gaseous and 
l i q u i d  products  a t  one c o n d i t i o n ,  1273 K f o r  2 s, a r e  g iven  i n  Table 2. 

The y i e l d s  of BTX and e thylene  a r e  low, l e s s  than 3.5% BTX and 1.5% ethylene :  
t h e  h ighes t  y i e l d s  were from Linby c o a l .  
than  the  1% from convent iona l ,  high temperature  c o a l  c a r b o n i s a t i o n  ( 2 1 ,  they 
a r e  only a f r a c t i o n  of those  obta inable  from petroleum feeds tocks  (4 ) .  

Although the  BTX y i e l d s  a r e  g r e a t e r  

Hydrogenated Coal-derived M a t e r i a l s  

The y i e l d s  from t h e  p a r t i a l l y  hydrogenated an thracene  o i l  ( C l ) ,  two coa l  
e x t r a c t  hydrogenates (D and E )  and t h e i r  f u r t h e r  hydrogenated products  ( D 1  and 
E l )  when cracked a t  ll33 K ,  which favoured e thylene  format ion ,  a r e  l i s t e d  i n  
T&le 2 toge ther  with t h e  y i e l d s  from t h e  gas  condensate  a t  1158 K .  The BTX. 
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benzene and e thylene  y i e l d s  from t h e  two f u r t h e r  hydrogenated m a t e r i a l s  ( D 1  and 
E l )  are p l o t t e d  a g a i n s t  c racking  temperature  i n  F igure  3 .  

Table 2 shows t h a t  t h e  p a r e n t  hydrogenates  (D and E) gave r e l a t i v e l y  low 
y i e l d s  of BTX and e thylene  ((10%) whereas cons iderable  y i e l d s  o f  polynuclear  
aromatics  such as naphthalene,  methyl naphtha lenes ,  acenaphthylene,  f luorene ,  
anthracene and phenanthrene were obta ined .  I n  c o n t r a s t ,  t h e  f u r t h e r  hydrogenated 
m a t e r i a l s  ( D 1  and E l )  gave h igher  yie1g.s of BTX and e thylene  ( >  20%) and 
r e l a t i v e l y  low y i e l d s  of  po lynuclear  a romat ics .  The h i g h e s t  y i e l d s  of  BTX, 
27% zt 1083 K f o r  1 9 and. z.t. 1 1 0 8  K f o r  0.4 s ;  and of e t h y l e n e ?  24% a t  1158 K 
f o r  0.4 s ,  were both  obta ined  from D1. The curves  i n  F igure  3 f o r  a vapour 
res idence  time of 0.4 s show broad m a x i m a  i n  BTX and e thylene  y i e l d s ;  similar 
m a x i m a  were obta ined  a t  1 and 2 s b u t  at  s l i g h t l y  lower c racking  temperatures .  

The y i e l d s  from t h e  p a r t i a l l y  hydrogenated anthracene o i l  ( C l ) ,  a l s o  given 
i n  Table 2 ,  a r e  r e l a t i v e l y  low, l i t t l e  more than  10% BTX and e thylene  being 
obta ined .  

Natura l  Gas Condensate 

To compare t h e  y i e l d s  from coal-der ived m a t e r i a l s  wi th  those  from a 
petroleum material, a f u l l  range ,  North Sea g a s  condensate  ( F )  was cracked a t  
1158 K for 0 . 4  S .  Its a n a l y s i s  i s  g i v e n  i n  Table  1 and t h e  y i e l d s  obtained 
a r e  l i s t e d  i n  Table 2 .  More e thylene  (30%) b u t  l e s s  BTX (16%) were produced 
than  from t h e  h ighly  hydrogenated c o a l  m a t e r i a l s .  

Model Compounds 

Four model compounds (mes i ty lene  f o r  a romat ics ,  t e t r a l i n  f o r  hydroaromatics, 
d e c a l i n  f o r  naphthenes and n-undecane f o r  p a r a f f i n s )  were cracked s i n g l y  and 
as mixtures  a t  1133 K f o r  1 S .  The y i e l d s  of  BTX, e t h y l e n e ,  bu tad iene  and 
methane a r e  shown a s  a b a r  c h a r t  i n  F igure  4. 
y i e l d ,  25%, compared wi th  l e s s  than  7% from n-undecane. Mesi tylene gave only 
8% BTX. T e t r a l i n  produced t h e  l e a s t  BTX, 3%. i t s  major products  be ing  poly- 
n u c l e a r  a romat ics .  
3% from t e t r a l i n  and 0.2% from mesi tylene.  S i x  b i n a r y ,  f o u r  t e r n a r y  and t h e  
qua ternary  mixtures  of t h e  f o u r  compounds were cracked and t h e  observed 
product  y i e l d s  were w i t h i n  i 2 %  o f  t h e  v a l u e s  c a l c u l a t e d  from t h e  c o n s t i t u e n t s '  
y i e l d s .  

Decal in  gave t h e  h i g h e s t  BTX 

n-Undecane gave 37% ethylene  compared t o  20% from d e c a l i n ,  

DISCUSSION 

The low y i e l d s  of BTX and e t h y l e n e  from t h e  unhydrogenated feedstocks 
r e f l e c t  the  s t a b i l i t y  o f  t h e  condensed aromatic  s t r u c t u r e s  which c o n s t i t u t e  
much of t h e i r  v o l a t i l e s  and confirm t h e  f i n d i n g s  of a l i t e r a t u r e  review ( 5 ) .  
I t  i s  i n t e r e s t i n g  t h a t  t h e  c o a l  e x t r a c t  ( B ) ,  which conta ined  70% c o a l ,  y ie lded  
even less BTX and e thylene  than  t h e  c o a l  i t s e l f ;  t h i s  i s  probably due t o  
e l i m i n a t i o n  of  r e a c t i v e  c o n s t i t u e n t s  and cross - l ink ing  dur ing  d i g e s t i o n /  
e x t r a c t i o n  of t h e  c o a l .  

Yields  of  BTX and e t h y l e n e  increased  wi th  i n c r e a s i n g  e x t e n t  of hydro- 
g e n a t i o n  of  c o a l  e x t r a c t ,  as i n d i c a t e d  by t h e  H/C r a t i o s  l i s t e d  i n  Table 1. 
This  w a s  r e f l e c t e d  i n  t h e i r  naphthene c o n t e n t s ,  which were i n  t h e  order  D 1 '  
E l  ? D > E ,  and confirms t h e  f i n d i n g  (6)  t h a t  po lynuclear  aromatic  hydro- 
carbons  need t o  be f u l l y  hydrogenated t o  t h e  naphthenic  s t r u c t u r e  t o  maximise 
t h e i r  conversion t o  BTX and e thylene .  Concomitantly, t h e  y i e l d s  of tar  and 
polynuclear  a romat ics  decreased with decrease  i n  t h e  (hydroaromatic  + 
aromat ic )  c o n t e n t  of t h e  feeds tock ,  sugges t ing  t h a t  t h e  h igher  a romat ics  r e s u l t  
from t h e  dehydrogenat ion of hydroaromatics  t o  t h e  p a r e n t  aromatics  and from 
t'ne s u r v i v a l  of t'nose aromatic  hydrocarbons a l ready  p r i s e n t .  34% of  C2-C4 
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gaseous hydrocarbons (C2H6,  C2H4, C3-C4 u n s a t u r a t e s  and s a t u r a t e s )  were obta ined  
from E l  a t  1133 K f o r  0.4 s (up t o  17% C3-C4 u n s a t u r a t e s  were obtained a t  a 
lower cracking temperature  of 1083 K). The sum of BTX + valuable  gaseous 
hydrocarbons amounted t o  55% a t  1133 K ,  60% a t  lower temperatures .  

Some ace ty lene  and polyace ty lenes ,  which are u n d e s i r a b l e ,  explos ive  
byproducts, were a l s o  formed. The amount increased  wi th  t h e  s e v e r i t y  of c racking  
b u t  was only 2.5% of t h e  maximum e thylene  y i e l d ;  t h i s  va lue  is about  t h a t  found 
i n  the  i n d u s t r i a l  c racking  of petroleum naphtha t o  e thylene  (7.8). 

Cracking temperature  and vapour r e s i d e n c e  t i m e  were t h e  most important  
parameters  c o n t r o l l i n g  t h e  c racking  r e a c t i o n s .  Within t h e  range of condi t ions  
t e s t e d ,  o ther  v a r i a b l e s  such as type  and a r e a  of  c r a c k i n g  s u r f a c e ,  t h e  vapour 
concent ra t ion  of  t h e  feeds tock  and presence of  steam made l i t t l e  d i f f e r e n c e  t o  
t h e  y i e l d s  of BTX and e thylene .  
i n d u s t r i a l  e thylene  c r a c k e r s ,  where it reduces carbon laydown i n  t h e  r e a c t o r s  (9). 

The aromatic  and hydroaromatic components of  coal-der ived feeds tocks  a r e  
p o t e n t i a l  sources  of carbon laydown and steam would be  needed t o  reduce 
r e a c t o r  foul ing .  

Steam is used as a d i l u e n t  and c a r r i e r  i n  

The high e thylene  and moderate BTX y i e l d s  from t h e  gas  condensate  a r e  
commensurate wi th  its 56% p a r a f f i n  and 12% naphthene c o n t e n t  (see Table 1). 
This  w a s  confirmed by t h e  37% e thylene  and 7% BTX obta ined  from the  model 
p a r a f f i n ,  n-undecane ( s e e  F igure  4 ) .  

The model compound s t u d i e s  confirmed t h a t  t h e  molecular  s t r u c t u r e  Of t h e  
hydrogenated c o a l  e x t r a c t  is of paramount importance i n  determining the  product  
p a t t e r n :  hydroaromatics  dehydrogenate t o  a romat ics ,  which e i t h e r  surv ive  or  
polymerise t o  tars and,  e v e n t u a l l y ,  t o  carbon;  naphthenes c rack  p r i n c i p a l l y  t o  
BTX and e thylene ;  a l i p h a t i c s  mainly g ive  small u n s a t u r a t e s  such as e thylene  and 
butadiene.  The abnormally low y i e l d  o f  BTX from mesi ty lene  is a t t r i b u t e d  t o  
i t s  high symmetry and thermal  s t a b i l i t y .  

CONCLUSIONS 

The r e s u l t s  from t h e  thermal  c racking  of  unhydrogenated and hydrogenated 
coal-der ived materials, a gas  condensate  and model compounds l e d  t o  t h e  
conclusions t h a t :  

( i )  only low ( <  3.5%) BTX and e thylene  y i e l d s  were obta ined  by cracking  
t h e  vapours  from a bituminous c o a l ,  an an thracene  o i l  and t h e  
an thracene  o i l  e x t r a c t  of t h e  c o a l ;  

( i i)  t h e  BTX and e t h y l e n e  y i e l d s  increased  wi th  i n c r e a s i n g  e x t e n t  of 
hydrogenat ion of  t h e  e x t r a c t  (which increased  t h e  naphthene 
c o n t e n t ) ;  tar was mainly der ived  from t h e  aromatic  and hydro- 
aromatic  components; 

(iii) about 27% BTX and 24% ethylene  were obta ined  from t h e  h ighly  
hydrogenated c o a l  e x t r a c t ;  i n  comparison, a p a r a f f i n i c  North Sea 
gas  condensate  gave 16% BTX and 30% e t h y l e n e ;  

( i v )  t h e  product  y i e l d s  from mixtures  of  model compounds were pred ic ted  
t o  w i t h i n  *2% from t h o s e  of  t h e  c o n s t i t u e n t s .  
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FIGURE 2.  THE EFFECT OF CRACKING TEMPERATURE ON YIELDS 

OF BTX. BENZENE AND ETHYLENE FROM 

UNHYDROGENATED COAL MATERIALS, 
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FIGURE 3. THE EFFECT OF CRACKING TEMPERATURE ON YIELDS OF 
BTX, BENZENE AND ETHYLENE FROM FURTHER 
HYDROGENATED EXTRACTS. 
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KEY: PARAFFIN P=n-UXDECAEY'E; HYCFLCARGWTIC HA= TETRALIFI; 
NAPHTHENE N = CIS/TRANS DECAL IN; AROMATIC A=MESITYLENE 

FIGljRE 4. THE VARIATIOEI OF YIELDS WITh HYDPOCAREON TYFE 
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